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The aromatization of various olefins over Ga loaded HZSM-5 catalyst was studied to propose a detailed reaction scheme from butane to aromatic hydrocarbons. The comparison of the results with those observed on HZSM-5 was made to clarify the role of Ga for the development of a better catalyst for aromatization. The first step of the aromatization of butane would be dehydrogenation of butane to produce butenes accelerated by Ga species loaded on HZSM-5. Ethylene and propylene were also produced as primary products by cracking of butane accompanied with simultaneous formation of ethane and methane, respectively. After these reactions, a pool of C2-C9 olefins was built up through oligomerization of C2-C4 olefins produced in the first step and subsequent cracking of the oligomers. A part of the mixture of olefins would produce C7-C9 alkylcyclohexenes, and then C7-C9 alkylbenzenes would be formed by dehydrogenation of the corresponding alkylcyclohexenes through alkylcyclohexadienes. Benzene is not a primary product in aromatics, but the secondary product formed by dealkylation and transalkylation of C7-C9 alkylbenzenes.
The reaction steps which determine the selectivity to aromatics would be both dehydrogenation steps of butane and alkylcyclohexenes because among many reaction steps from butane to aromatics, these two steps were mainly accelerated by Ga species. When HZSM-5 is used
as an acid catalyst, the loading of dehydrogenation catalyst with slightly higher activity than Ga is expected to provide a catalyst better than Ga loaded HZSM-5 for the selective aromatization of butane.
Introduction
A large quantity of lower paraffins, propane and butane, are produced in the petroleum refinery as byproducts.
These lower paraffins are also included (about 10%) in the associated gas with petroleum1). Most of them, however, are used for fuels at present. For the purpose of effective and total utilization of petroleum, it is expected that propane and butane are converted to aromatic hydrocarbons which are important raw materials for the petrochemical industry.
The reforming of lower paraffins to aromatic hydrocarbons has been studied by using zeolite catalysts for over twenty years. Recently, Ono reviewed the conversion of lower paraffins to aromatics on ZSM-5 zeolite and proposed a reaction scheme ( Fig. 1)2) . It was also reported that the bifunctional catalysts having solid acidity and dehydrogenation activity could effectively promote the aromatization of lower paraffins3)-7). We have reported that as a solid acid catalyst, ZSM-5 and ZSM-11 are excellent for this reaction because these catalysts suppress the formation of polyalkylbenzene by their shape selective effect8). Other researchers pointed out that as a catalyst for dehydrogenation, transition metals9), Ga10) and Zn10) showed good performance in this reaction combined with acidic zeolites. Among these catalysts, Ga containing zeolites have been studied extensively because of their high selectivity and life relatively longer than Zn containing ones. Gallosilicate with MFI (ZSM-5) structure11)-13), Ga/ HZSM-5 prepared by chemical vapor deposition of GaCl314), and Pt-Ga containing ZSM-515 were also investigated for the reaction.
The selectivity of these modified zeolite catalysts for the formation of aromatics, however, is not yet satisfactory, that is, the selectivity based on the number of reacted carbon into aromatic hydrocarbons hardly exceeded 60% in the case of aromatization of butane11).
The purposes of this study are to clarify the reaction route from butane to aromatic hydrocarbons by using various olefins and cyclic hydrocarbons, which are assumed to be reaction intermediates, as a reactant and to find what reaction step manages the aromatization. Results would provide a key to improve the selectivity of modified HZSM-5 catalyst for the formation of aromatics. We selected Ga loaded HZSM-5 as a catalyst because it is one of the most effective catalysts for the aromatization of butane. Moreover, the effect of dehydrogenating Ga species would be clearly examined by comparison with HZSM-5, since the acidity does not change greatly by the loading of Ga on HZSM-58). 
2.2.
Apparatus and Procedure The reaction of butane, olefins or cyclic hydrocarbons was carried out in a fixed bed type reactor with a continuous flow system under atmospheric pressure at 823K.
The catalyst was dehydrated in flowing helium at 873K before the reaction.
The conversion of each reactant was controlled by changing the contact time (W/F) from 0.02 to 11.4g h mol-1. In the case of feeding some kinds of reactants in liquid at room temperature, helium was used as a carrier gas. The reaction mixture was analyzed by gas chromatography. The selectivity to each hydrocarbon was calculated on the basis of the number of reacted carbon atoms and expressed by C-%. ethane were produced as by-products, and these would hardly be converted to aromatics.
The selective dehydrogenation of butane, therefore, could be one of the key reactions to improve the selectivity to aromatics.
The results of aromatization of 1-butene, which is the main primary product in aromatization of butane, are shown in Fig. 3 . The selectivity to aromatics increased steeply with increasing the conversion of 1-butene over both catalysts. Over HZSM-5 catalyst, the selectivity was remarkably improved from that obtained in the aromatization of butane and reached about 60C-%. Over Ga loaded HZSM-5, the selectivity also increased, but was no more than 70C-%. It is clear that if butane is converted only into butenes without cracking into C1-C3 hydrocarbons, the selectivity to aromatics will increase to reach the values shown in Fig. 3 . Therefore, it is demonstrated that the dehydrogenation of butane to butenes in the primary reaction is the important step for the selective formation of aromatics. However, the fact that the maximum selectivity was no more than 70C-% indicates the presence were observed in the aromatization of pentene represented by the reaction of a mixture of 2-methyl-1-butene and 2-methyl-2-butene as shown in Fig. 6 . Values of the maximum selectivity to aromatics obtained both in the reactions of propylene and pentene mixture were quite similar to those obtained in the case of aromatization of 1-butene (Fig. 3) .
The product distribution in the aromatization of 1-butene, propylene and the pentene mixture at high conversion level over Ga loaded HZSM-5 is shown in Fig.  7 together with that in the aromatization of butane as a reference.
The distribution of aromatics, paraffins and olefins obtained from these olefins was very much similar to each other. Moreover, the product distribution in aromatic hydrocarbons from the three olefins was also similar to each other (Fig. 8) . Namely, the same products with the same distribution were obtained from any kinds of C3-C5 olefins. These results suggest that a pool of lower olefins is constructed as a reaction intermediate, and that the rapid scrambling reactions of the member of olefin pool result in the same product distribution independently of the kind of olefin reactant. The presence of olefin pool as reaction intermediates was also suggested in the aromatization of propane on Ga loaded HZSM-516)
We next considered the reaction steps from C3-C5 olefins to aromatics.
To form an aromatic molecule having 6-9 carbon atoms, C6-C9 olefins are thought to be the reaction intermediate.
We assumed that the C6-C9 olefin intermediates are converted into aromatics through such cyclic hydrocarbons as (alkyl) cyclohexane, (alkyl) cyclohexene and (alkyl) cyclohexadiene. In fact, trace amounts of these cyclic hydrocarbons were observed at low conversion levels in the reactions of C3-C5 olefins though no such cyclic hydrocarbons Both reactions of cyclohexane and methylcyclohexane gave selectivity to aromatics higher than that obtained in the reaction of butane, while the maximum selectivity was almost the same as that in the reactions of propylene, 1-butene and the pentene mixture. Therefore, if aromatics are formed through alkylcyclohexane, the rate of its reaction into aromatics should be much lower than that of its cracking into C3-C5 olefins, that is, alkylcyclohexane would be included in the pool of olefins. We then examined the reaction of cyclohexene to find whether the dehydrogenation of cyclohexane into cyclohexene is the dominating step to form aromatics. Figure 9 shows the relation between the selectivity to aromatics and the conversion of cyclohexene.
In the lower conversion level, the main product was a mixture of C6 hydrocarbon isomers formed by ring opening reaction, while no aromatics were formed.
At the high conversion level, the selectivity to aromatics suddenly increased with increasing the conversion of cyclohexene to reach about 70C-% and 60C-% over Ga loaded HZSM-5 and HZSM-5 catalysts, respectively. These values were almost the same as those from lower olefins (Figs. 3, 5 and 6 ). These results suggest that cyclohexene would not become a key precursor of aromatics, but merely be one of the intermediates similarly to the lower olefins.
Shown in Fig. 10 are the relation between the selectivity to aromatics and the conversion of methylcyclohexene. In contrast with the reaction of cyclohexene (Fig. 9) , a small amount of aromatics was produced in the lower conversion level. The selectivity to aromatics increased quickly with the conversion of methylcyclohexene in the higher conversion level to reach about 70C-% and 60C-% over Ga loaded HZSM-5 and HZSM-5, respectively.
These results suggest that methylcyclohexene would be one of the key precursors of aromatics.
To clarify the key precursor of aromatics, the con- Because the selectivity to aromatics obtained on HZSM-5 was lower than that on Ga loaded HZSM-5 in the reactions of butane (Fig. 2) , C3-C5 olefins (Figs. 3, 5 and 6) and methylcyclohexene ( Fig. 10) , one of the important roles of Ga species for the formation of aromatics will be the enhancement of the formation of methylcyclohexadiene.
Once methylcyclohexadiene is formed, its reaction into toluene will be exceedingly fast even on HZSM-5.
Cyclohexadiene had also high reactivity, and was converted into benzene with the yield of more than 98C-% over both catalysts. These results suggest that the key precursor of aromatics would be the alkylcyclohexadiene, that is, the alkylcyclohexadiene produced would be immediately convert- ed to corresponding alkylbenzene. The reaction step which produces alkylcyclohexadiene, therefore, should be one of the most important step to control aromatization of butane.
To recognize the formation of various aromatic hydrocarbons and the mutual conversion of the aromatics formed, the changes in aromatics distribution with conversion of olefins are shown in Figs. 11-13 . In the case of conversion of propylene, the primary products of aromatics were toluene, xylenes and C9 aromatics, but not benzene (Fig. 11) . The fractions of xylenes and C9 aromatics decreased, while those of toluene and benzene increased with increasing propylene conversion.
These results suggest that the reactions of C8-C9 aromatics, such as transalkylation and dealkylation, proceed to form benzene and toluene. In the conversion of 1-butene and the pentene mixture, aromatic hydrocarbons were obtained with nearly the same distribution as in the reaction of propylene.
In the case of conversion of cyclohexene, the primary products of aromatics were also C7-C9 aromatics but not benzene (Fig. 12) . The profile of the distribution of aromatics produced from cyclohexene was nearly the same as that from propylene.
These results also indicate that most part of cyclohexene is cracked to the olefin mixture and cyclohexene is not a precursor of aromatics as mentioned from the results of cyclohexene conversion (Fig. 9 ). In the case of conversion of methylcyclohexene, however, benzene as well as C7-C8 aromatics were formed even at the initial stage of the reaction (Fig. 13) . Especially, the main product was toluene in the full range of methylcyclohexene conversion. These results suggest that mtehylcyclohexene would be the key precursor for toluene.
Taking into consideration the above mentioned results, we propose a new reaction scheme as shown in Fig. 14 . Namely, butane is converted to C2-C4 olefins combined with methane and ethane by cracking and dehydrogenation. These olefins are polymerized to higher olefins (C2-C9) which are cracked to the lower olefins. These reactions are repeated to form the olefin pool composed of the mixture of C2-C9 olefins. Part of olefins in the olefin pool produce C7-C9 alkylcyclohexenes by cyclization and dehydrogenation. The major part of alkylcyclohexenes go back to the olefin pool by cracking. However, small part of alkylcyclohexenes are converted to corresponding C7-C9 alkylcyclohexadienes by dehydrogenation as indicated by a broken arrow. The alkylcyclohexadienes thus produced are immediately converted to corresponding C7-C9 alkylbenzenes by dehydrogenation. This is the key step in the formation of aromatics. Benzene is pro- duced as a secondary product in aromatics through the dealkylation and transalkylation of C7-C9 alkylbenzenes.
For the improvement of the selectivity for aromatics formation, the formation of methane and ethane having low reactivity should be depressed, and the formation of alkylcyclohexadiene must be effectively accelerated. 
